Abstract: Ultraviolet (UV) photonics-based device and equipment have various applications in sterilization, military covert communication, medical treatment, nanofabrication, gem identification and so on. The traditional constituent UV components are bulky, inefficient, expensive and easily aging under UV radiation. An all-dielectric metasurface offers a promising way to control the amplitude, polarization and phase of light by engineering the size, shape and distribution of its constituent elements. However, UV components based on all-dielectric metasurfaces are difficult to be realized, due to significant absorption loss for most dielectric materials at the UV region. Here we demonstrate the design of a UV metalens, composed of high-aspect-ratio aluminum nitride nanorods. The in-plane on-axis, off-axis and out-of-plane focusing characteristics have been investigated at representative UVA (375 nm), UVB (308 nm) and UVC (244 nm) wavelengths, respectively. Furthermore, we design UV router for mono-wavelength and multiple wavelengths, that is, guiding UV light to designated different spatial positions. Our work is promising for the development of UV photonic devices and would facilitate the integration and miniaturization of the UV nanophotonics.
Introduction
Metasurfaces have been reported to control amplitude, polarization and phase of light [1] [2] [3] , and to realize optical functionalities through planar structures, such as metalenses [4] [5] [6] [7] [8] [9] [10] [11] , meta-holograms [12] [13] [14] [15] [16] [17] [18] [19] [20] , color filters [21] [22] [23] [24] [25] [26] [27] , polarizers [2, [28] [29] [30] and color imaging [31, 32] . Among these, transmission and reflection metalenses have been investigated through plasmonic or dielectric metasurfaces through Pancharatnam-Berry (PB) phase or phase-encoding (PE) methods in the near-infrared or visible spectrum region, as shown in Table S1 (Section 10 of Supporting Information). A metal plasmon-based metalens has a very low efficiency due to high inherent Joule losses, compared with an all-dielectric metalens with high refractive index, appropriate band gap and low absorption loss. The phase shift and efficiency have to be balanced by the PE method to cover the phase shift from 0 to 2π, while the PB method provides a way to generate an arbitrary phase shift by rotating nanorods with which the efficiency will not be affected.
Ultraviolet (UV) devices based on all-dielectric metasurfaces are few reported due to significant absorption loss for most dielectric materials at the UV region. Furthermore, the application of UV devices is becoming more common in human life, including directional light, sterilizers, laser device and lithography machines. Among these, UV router is a component to filtering and routing UV light to specific positions simultaneously, which is realized by integrating filters, lenses, beam splitters or mirrors in a conventional way. However, the approach is bulky and results in low efficiency, which hinders the development of UV nanophotonics on the trend of miniaturization and high-density integration [33] .
For traditional optical UV lenses, phase compensation is achieved from different propagation distances inside media with different refractive indices, which is called the propagation phase. Yet the PB phase method provides a way to form a spherical wavefront by the geometric phase. Furthermore, it is difficult to converge light into arbitrary positions through traditional lens, yet this can be achieved through a metalens due to its planar configuration and adjustable characteristics: monowavelength or multiple-wavelengths UV incidence can be converged into the same position, or arbitrary positions through a rational structure design [34] . Herein, we demonstrate the two-dimensional UV metalens, composed of high-aspect-ratio aluminum nitride (AlN) nanorods. The in-plane on-axis, off-axis and out-of-plane focusing characteristics have been investigated at representative UVA (375 nm), UVB (308 nm) and UVC (244 nm) wavelengths, respectively. Figure 1 overviews the principle and application of a metalens. It sketches in-plane on-axis (A), offaxis (B) and out-of-plane (C) focusing geometrics, whereas the plane and axis denote the incident plane and optical axis, respectively. The schematic of the UV metalens is shown in Figure 1D , with the inset denoting the stereogram of the nanorods. Figure 1E conceptually lists some applications of the metalens: UV router, laser, directional light and lithography. Based on focusing geometrics in Figure 1A -C, we also designed UV router for mono-wavelength and multiple wavelengths, that is, guiding UV light to designated different spatial positions, forming arbitrary patterns, such as line, circular, triangular and quadrants. There are several progresses achieved in this article: (1) metalenses with on-axis, off-axis and out-of-plane focusing configurations have been demonstrated in the UV spectrum by using ultrawide band gap AlN material; (2) UV imaging and router based on the UV metalens are presented. The designed metalens and router are promising for the development of low-cost, lightweight and planar UV nanophotonics.
Materials and methods
The band gap of conventional silicon dielectric materials [12, 19, 21] is narrow, resulting in substantial absorption in the UV and even in the visible regions. Titanium oxide [7, 22] and gallium nitride [34] have a relatively large band gap, but not suitable for utilization in the UVB and UVC range. AlN material has been chosen due to its ultrawide band gap (about 6.11 eV, with the absorption edge to be around 202 nm) and a relatively large refractive index (about 2.2) [35] [36] [37] [38] [39] .
The designed metalens is made up of high-aspectratio AlN nanorods in Figure 2A -D, which is equivalent to a half-wave plate, due to the different phase responses to the transverse magnetic and transverse electric incidence [40, 41] . The incident circularly polarized light can be partly converted into its inversed circularly polarized light [4, 42] , which has the geometric phase according to the PB phase method [43, 44] . In this article, the incident light is left-hand circularly polarized (LCP) light and the transmitted light is the filtered right-hand circularly polarized (RCP) light. The generated phase shift Φ for a nanorod with rotating angle θ in the case of incident LCP light is Φ = 2θ, as shown in Figure 2A . Focusing characteristics of the metalens system were investigated with the commercial finite-difference time domain (FDTD) method from the FDTD software package of Lumerical Inc. ( Vancouver, BC, Canada). To eliminate boundary effects, perfectly matched layers' boundary condition is employed in all the x-, y-and z-directions. The simulation area was discretized using a 3D grid mesh, with a step size of mainly 5 nm in the x-, y-and z-direction.
Results and discussion
UVA (375 nm), UVB (308 nm) and UVC (244 nm) are chosen as the representative wavelengths for designing UV router, with the corresponding optimized structures marked as U A , U B and U C , since they have particular applications in gem identification, skin treatments, fabrication of fiber grating, etc. The corresponding geometric dimensions thereof are shown in Figure 2D , with the conversion efficiency estimated to be 79.46%, 89.92% and 91.15% for U A , U B and U C at design wavelengths, respectively. The polarization conversion efficiency is defined as the ratio of the optical power of transmitted inversed circularly polarized light to that of incident light. The interface reflection loss is considered to be around 8% between the air and sapphire substrate, as shown in Figure 2E . There is oscillation for U B and U C at a shorter wavelength range, due to the diffraction effect arising from periodic lattices when the effective period of nanorods is more than half of the incident wavelength, which would cause low efficiency at target wavelengths and thus lead to mismatch between the peak of UA conversion efficiency and the target wavelength (375 nm). The UV light is confined in either a resonant or guided manner, which would not affect our design since the working wavelength is on the high-energy side of the diffraction edge [40, 45] .
A two-dimensional metalens with in-plane on-axis focusing characteristics at UV-375 nm is shown in Figure 3 . For an arbitrary point at (x l , y l ), the phase shift relative to the center of the metalens is
where x l and y l are coordinates of a nanorod in the metalens, λ is the wavelength of incident light and f is the focal length, set to be 10 μm. According to the PB phase method, the phase shift generated by the nanorod in the (x l , y l ) position of the metalens surface is
where θ l1 (x l , y l ) is the rotating angle of the nanorod in the (x l , y l ) position. Thus, the metalens would converge light on the designated focal spot when
That is, According to Eq. (4), the rotating angle of all the nanorods is determined at every position, as shown in Figure 3B . The metalens has a ripple-like pattern, with the center located at the projection position of the focus on the x-y plane, as shown in Figure 3A and B. The beam intensity profiles in the x-z cross-section are shown in Figure  3C , where the transmitted beams are converged into a focus spot at (x, y) = (0, 0). The intensity distribution of the focal spot at the focal plane is shown in Figure 3D , exhibiting a symmetric, bright and small spot. The intensity distribution of the focal spot along the z-axis shows a peak at z = 6.62 μm and full width at half-maximum (FWHM) to be 5.72 μm in Figure 3E . The practical focal length (6.62 μm) is less than the calculated value (10 μm). The practical focusing position is the coordinate point of maximum values of light intensity in the propagating space, which is obtained by data analysis of simulation results. The FWHM of intensity distribution of the focal spot section along the x-axis are 620, 1140 and 900 nm at z = 6.62 μm (the center of the focus spot), z = 4.74 μm (intensity drop to half of the focus spot) and z = 10.46 μm (intensity drop to half of the focus spot), as shown in Figure 3F -H, respectively. The in-plane on-axis focusing efficiency is 47.1%, which is defined as the ratio of the optical power in the focal spot area (circle of radius 2 × FWHM spanning the center of the focal spot) to the optical power of the incident beam. The in-plane on-axis focusing characteristics at UV-244 nm and UV-308 nm wavelengths are shown in Figures S1 and S4 (Supporting Information), respectively.
The in-plane off-axis focusing characteristics of the two-dimensional metalens are shown in Figure 4 . Similarly, the rotating angle of the nanorod is determined to be ( , )
where θ l2 (x l , y l ) is the rotating angle of the nanorod in the (x l , y l ) position, x f is the x coordinate of the focusing spot. According to Eq. (5), the nanorods have a rotating angle of almost zero at (x, y) = (x f , 0), as shown in Figure 4B . Figure 4A and B sketches the in-plane off-axis focusing configuration and the unit of the metalens. The beam intensity profile in the x-z cross-section is shown in Figure 4C , where the transmitted beam is converged into a focus spot in the x-z plane, away from the z-axis. The focus is located at x = 0.71 μm and z = 6.109 μm. The intensity distribution of the focal spot section at the focal plane has a symmetric, bright and small spot at (x, y) = (x f , 0), as shown in Figure 4D . The beam intensity profiles in the y-z cross-section at x = 0.71 μm are shown in Figure 4E , where the transmitted beams are converged at y = 0. The intensity distribution of the focal spot along the z-axis shows a peak at z = 6.109 μm in Figure 4F , where the parameter f is set to be 10 μm and x f is set to be 1 μm. The position A two-dimensional metalens with out-of-plane focusing characteristics at UV-375 nm is shown in Figure 5 .
However, the rotating angle of the nanorod in the twodimensional out-of-plane metalens is
)
where x f and y f are the x and y coordinate of the focus, respectively. Figure 5A and B sketches the out-of-plane focusing setup and the unit of the metalens. The beam intensity profiles in the x-z cross-section at y = 0.87 μm and in the y-z cross-section at x = 0.59 μm are shown in Figure 5C and E, respectively. The transmitted beam is converged away from the z-axis, and out of x-z and y-z plane. The focus is located at (x, y, z) = (0.59, 0.87, 6.209) μm.
The intensity distribution of the focal spot section at the focal plane has a symmetric, bright and small spot, as shown in Figure 5D . The intensity distribution of the focal spot section along the z-axis has a peak at z = 6.109 μm, as shown in Figure 5F , where the parameter f is set to be The design metalens can also converge light of monowavelength incidence into more than one position and multiple wavelengths incidence into different positions, rendering the capability of metalens for light routing. We first design a metalens to route mono-wavelength UV incidence into a line (different polar angles and the same azimuth angle) and circular pattern (different azimuth angles and the same polar angle). Light can be converged into the origin (point 0), positive and negative axes (points 1, 3, 5 and 7) as well as four quadrants (points 2, 4, 6 and 8), with designed hybrid single UV metalens, as shown in Figure 6A -C. The unit cell of light router-LR1 consists of nine AlN nanorods, which is responsible for routing light to the corresponding nine different focusing points, as shown in Figure 6A . Figure 6B shows a circle pattern with one point in the center and eight points distributing uniformly on the circle. The intensity distribution of the nine focal spots at the focal plane is shown in Figure 6C . In the same way, light can also be routed to lines with different polar angles with UV metalens, as shown in Figure 6D -F. The unit cell of light router-LR2 consists of four AlN nanorods, to form two lines with different rotating angles, as shown in Figure 6D . The focusing angle of the lines is shown in Figure 6E , which forms a cross with two lines forming an angle of 90°. The intensity distribution of the two focal lines at the focal plane is shown in Figure 6F , which is like a cross with symmetric shape. The mechanism for imaging of lines is that multiple points generate a line, because the spacing between adjacent points and the size of the building blocks are close to the FWHM of the focal spots, and routing of mono-wavelength light provides a way for imaging of cross line-shape light, both of which need appropriate arrangement of nanorods on the metalens (see Section 8 of Supporting Information). With the capability to tune the polar, azimuth angle and radius, principally we can design a metalens to routing the UV incidence into any arbitrary pattern.
We further demonstrate metalens for multiple UV incidence routing. UV router for UVA (375 nm), UVB (308 nm) and UVC (244 nm) wavelengths is shown in Figure 7 . The light router-LR3 is hybridized by various structures of AlN nanorods. The three wavelength incidences are routed into four positions forming a 2-μm-size square, as the Bayer pattern arranged in the color image sensor chips [46] . UV 244, 308 and 375 nm incidence is routed to (x, y) =( −1 μm, 1 μm), (1 μm, 1 μm) and (−1 μm, −1 μm) and (1 μm, −1 μm), respectively, as shown in Figure 7B and C. The unit cell of LR3 consists of 16 AlN nanorods, as shown in Figure 7A . After multiple optimizations, the quantity ratio of UA, UB and UC is chosen to be 2:4:10 (see Section 9 of Supporting Information). The intensity distribution of the four focal spots at the focal plane is shown in Figure 7C , where LR3 is illuminated with light of UV-244, 308 and 375 nm wavelengths simultaneously. The intensity distribution of the single focal spots at the focal plane is shown in Figure  7D -F, where LR3 is illuminated with light of single wavelength of UV-244, 308 and 375 nm, respectively. The intensity distribution of the focal spot section along the x-axis has a peak near the design position for incidence of UV-244, 308 and 375 nm wavelength, as shown in Figure 7G -I, with the FWHM of 620, 554 and 780 nm, respectively. The routing efficiencies for incidence of UV-244, 308 and 375 nm wavelengths are 12.4% (244 nm), 18.6% (first quadrant), 18.0% (third quadrant) and 7.17% (375 nm), respectively. The efficiency for the designed UV metalenses is about 46%, while it is reduced to be lower than 20% for UV routing design. The reduction of efficiency for UV routing is attributed to the region segmentation of the metasurface for different incidences, which leads to different occupancies of different building blocks, while the UV metalenses have the whole metasurface occupied with the same building blocks for single incidence. The focusing efficiencies for the UV-375 nm metalenses with on-axis, and in-plane, off-axis and out-of-plane focusing characteristics are 47.1%, 45.8% and 44.9%, respectively. The length of practical focusing (i.e. the position of maximum intensity) is smaller than the calculated focal length. The practical focusing position (i.e. the position of the maximum intensity) is therefore closer to the metalens surface than the designed focusing positions for the on-axis metalens and closer to the metalens surface and the z-axis for off-axis and out-of-plane metalens, as shown in Figure S11 (Supporting Information). The reasons for this deviation is that the convergence effect of the design metalens is realized by using the discrete unit cells for approximating the continuous phase shift, where the discrete phase shift between adjacent rings composed of nanorods should be considered for the focusing result, and incident wavelength, period of building blocks and dimensions of metalens are the affecting factors of the practical focal length (Section 12 of Supporting Information). This focusing position deviation can be reduced by increasing the period of building blocks and dimensions of the metalens. Based on the results of line and circular pattern routing, it is reasonable to argue that more complicated and arbitrary patterns can be achieved through a rational design. Thus, the UV metalens can have potential application in UV imaging and UV lithography. The designed incidence (e.g. 244 nm) is routed to the designed focusing position for other wavelength (e.g. 308 nm), as shown in Figure 7D and E, due to the crosstalk effect between the incidence of different wavelengths. The overlapped conversion spectrum of different building blocks and the dispersion effect for different incidences are the main reasons for crosstalk, which is further discussed in Section 11 of Supporting Information. It is difficult to totally eliminate the crosstalk effect due to the dispersion effect, whereas it can be reduced by decreasing the overlapped region of different building blocks. This can be achieved by further rational design of the metalens structure, such as couple nanorods, and stacking or stitching several layers of metasurfaces.
Conclusions
To conclude, we demonstrate the design of a metalens based on the AlN nanorod metasurface at the broadband UV region. The in-plane on-axis and off-axis, and outof-plane focusing characteristics have been investigated for the representative UVA (375 nm), UVB (308 nm) and UVC (244 nm). The corresponding focusing efficiency for UV-375 nm incidence is around 47.09%, 45.82% and 44.96%, respectively. UV routers for mono-wavelength and multiple wavelengths have been designed further, with the routing efficiency to be 12.4% (244 nm), 18.6% (first quadrant), 18.0% (third quadrant) and 7.17% (375 nm), respectively, for the demonstrated square image routing. The crosstalk effect has been discussed and can be reduced by further optimized structure design to decrease the conversion spectrum overlap between different building blocks. The designed UV metalens and UV router should have application in UV directional light, laser, lithography, communication and sterilization, image sensor and so on, and our work would promote the development of miniaturization and high-density integration of the UV nanophotonics.
